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Abstract 
Based on the analysis of seawater quality monitoring data, the grey predication method (GM (1, 1) model) was used 
to predict seawater quality in the Rigs-to-Reefs area of the Chengdao oil field. The result shows that petroleum 
pollutants and dissolved oxygen concentration will take on an increasing tendency from 2011 to 2015, and heavy 
metal Hg and Cd will be still kept at a low level. In addition, COD concentration has been gradually decreasing. On 
the whole, the prediction results indicate that the seawater quality of Rigs-to-Reefs area accords with the second-class 
seawater quality standard (GB3097-1997) and meets the requirement of artificial reef construction. 
© 2013 The Authors. Published by Elsevier B.V.  
Selection and/or peer-review under responsibility of Beijing Institute of Technology. 
Keywords: Decommissioning Offshore Oil Platform; Rigs-to-Reefs; Grey systems theory; GM (1; 1) Model; Prediction of Seawater 
Quality 
1. Introduction 
At present, the disposal option in accordance with the decommissioning offshore oil platforms is gene
rally still limited to complete removal in the offshore oilfields of China [1]. The offshore operation of the 
decommissioning structures not only requires coping with the technical difficulties, the huge risks of oper
ation and environment, but also needs allocation of many kinds of engineering equipments accompanied b
y using and transportation cost [2]. Moreover, the reutilization of obsolete platform structures incurs high 
energy consumption and human resource cost, which causes accompanied by new environmental pollutio
n on the shore. 
On the other hand, the fixed structures of the decommissioning offshore oil platforms exist in the mari
ne environment for several years which have provided benign environment for marine organisms. There i
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s an increasing amount of evidence supporting the notion that oil platforms provide ecologically importan
t habitat for rockfishes (Love et al., 2003) and may even offer higher quality habitat than nearby natural re
efs (Love et al., 2009) [3-5]. However, such habitat must be harmed if the decommissioning structures are
 totally removed. 
In order to solve the above problems, the abandoned structures of decommissioning offshore oil 
platform have been planned for artificial reefs (namely Rigs-to-Reefs Project) by 
experience for reference in the Chengdao oil field [6]. The Rigs-to-Reefs project has been prepared for 
constructing from 2010 to 2012, of which the environmental impact could be evaluated in 2015 as the 
first phase assessment. 
The purpose of this article is to predict the seawater environmental quality of the Rigs-to-Reefs area by 
using GM (1, 1) model, and analyze the prediction data to find the trend of the seawater quality. Compare 
the anticipated environmental remediation of the project with the prediction result, timely adjustment and 
reformation could be made to the scheme of Rigs-to-Reefs project in the course of implementation [7-9]. 
2. Prediction methods 
2.1. GM (1, 1) Model 
The original time series data present a feature of high discreteness and randomness, so it is 
difficult to use the general mathematical model to represent. The grey systems theory, established by 
Deng in 1982, is a new methodology that focuses on the study of problems involving small samples 
and poor information [10]. It deals with uncertain systems with partially known information through 
operational behaviors and their laws of evolution can be correctly described and effectively 
monitored [11]. This paper focuses on predicting seawater environmental quality in the rigs-to-reefs 
area by using grey systems theory GM (1, 1) Model to establishes the relation functions between 
pollutant factor and time based on the known monitoring data (white system). 
In order to transforming the random data series into regular or smooth ones, the original data obtained 
from the system to form the GM (1, 1) is subjected to an operator named Accumulating Generation 
Operator (AGO) (Deng, 1989). Then, the differential equation is solved to obtain the n-step ahead 
predicted value of the system. Finally, the Inverse Accumulating Generation Operator (IAGO) is applied 
to find the predicted values of original data by using the predicted value [12-14]. 
The original time series is defined as: 
(0) (0) (0) (0)
( ) (1) (2) ( ), , ...k nX X X X , k=1                                             (1) 
When this sequence is subjected to the Accumulating Generation Operation (AGO), the following 
sequence (1)( )kX is obtained [12]. 
The Accumulating Generation Operator (AGO) is expressed as: 
                                              (1) (0)( ) ( )
1
k
k i
i
X X ,                                          (2) 
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The whitening grey dynamic model is obtained by a first order differential equation with constant 
coefficients u. 
(1)
(1)dx ax u
dt
 (3) 
where [ , ]Ta a u is a sequence of parameters that can be found as follows: 
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According to Eq. (3), the solution of the whitening differential equation is obtained: 
0 (0)
( 1) (1)( )
ak
k
u uX X e
a a
, -1 (7) 
To obtain the predicted value of the primitive data at time (k+1), the IAGO is used to establish the 
following grey model: 
0 1 1
( 1) ( 1) ( )k k kX X X , k=0, -1 (8) 
2.2. Data sources and prediction indexes 
Chengdao oil field is located in a shallow oceanic area of southwestern Bohai Bay (Dongying, 
Shandong Province), which is the first megaton oilfield of China. According to the Marine Functional 
Zoning of Shandong Province 2004, the Rigs-to-Reefs area of the Chengdao oil field (see Fig. 1) is 
assigned as oil and gas fields, fisheries, and mariculture area. Moreover, there are no channels, submarine 
pipelines, anchorages, harbor area, and military zone in the area. Thereby, the conditions of Rigs-to-Reefs 
area meet the basic requirements of the artificial reefs construction in principle. 
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Fig. 1. Geographical position of Rigs-to-Reefs area in Chengdao oil field. 
The seawater quality variation trend of this area can be analyzed based on typical monitoring data of 
the Rigs-to-Reefs area in five years (Table 1).  
                   Table 1. Monitoring data of water quality in Rigs-to-Reefs area. 
Year 1989 2000 2004 2005 2009 
pH 8.01 8.15 8.02 8.34 8.12 8.41 7.71 7.81 8.24 8.37 
DO (mg/L) 6.60 7.46 6.53 7.52 7.59 8.94 7.11 8.96 8.10 8.80 
 29.95 31.14 32.20 32.95 29.86 31.69 29.98 31.19 31.00 31.60 
COD (mg/L) 1.01 1.39 0.46 3.301 1.13 2.90 1.16 1.60 0.87 2.25 
SS (mg/L) 1.40 80.60 4.90 61.10 12.60 197.10 36.80 170.00 18.00 94.70 
 8.00 19.00 0.93 26.7 6.00 19.00 2.04 3.30 0.90 13.02 
 3.30 88.60 3.40 25.0 3.00 69.00 32.40 75.70 18.00 43.00 
 2.65 7.72 0.12 8.86 --2 3.7147 4.1786 0.13 0.55 
 0.00 0.19 0.01 0.03 0.011 0.045 0.0372 0.0456 0.007 0.041 
 4.03 8.49 0.70 4.20 -- 2.9481 4.1278 2.10 2.90 
 0.20 0.50 0.96 4.28 1.49 6.65 3.9480 4.2460 1.40 3.30 
 1.29 6.28 0.11 0.38 -- 0.6487 0.8140 0.24 0.63 
 -- -- -- 19.67 22.58 2.40 12.40 
 -- -- -- -- 2.20 3.03 
Note 1: The data in bold were beyond the second class of the People's Republic of China seawater 
standard (GB3097-1997).  
-- in year. 
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As is shown in Table 1 , some of the water quality parameters exceed the second class in some years, 
including petroleum (1989, 2004, 2005), COD (2000), Pb (1989, 2000), and Cd (1989). Hg and the rest of 
the water quality parameters accord with the national standard. Thus, characteristic seawater pollution 
factors (petroleum, COD, Hg, and Cd) and DO (which can be used to indicate water self-purification 
ability) are selected as prediction indexes.  
3. Prediction results and discussion 
3.1. Seawater quality prediction results 
Based on the monitoring data of seawater quality in Table 1, GM (1, 1) model is used to predict the 
seawater quality in the Rigs-to-Reefs area by 2015. The concentrations of Petroleum, COD, Hg, Cd and 
DO in the Rigs-to-Reefs area are predicted with the model by using the average time interval. For 
instance, the variation tendency of petroleum concentration is presented as follows. 
Time series of petroleum concentration in seawater are established as follows: 
(0) (25,  69,  75.7,  43)X   (9) 
When sequence X(0) is subjected to the AGO, sequence X(1) is obtained. 
(1) 25  94  169.7  212.7X   (10) 
Data matrices B and Y can be constructed in accordance with X (1). 
59.5, 1
131.85, 1
191.2, 1
B   (11) 
[69,  75.7,  43]TNY    (12) 
The parameter vector a  can be obtained as follows: 
1 86.408164( )
0.1869677
T T
Na B B B Y   (13) 
Finally, the grey prediction model is established for variation tendency of petroleum concentration. 
1 0.1869677
1 437.1555769 462.1555769
k
kX e   (14) 
The grey prediction models for the variation tendencies of COD, Hg, Cd, DO concentrations are 
obtained in the same way (see Table 2), and the prediction results are shown in Table 3. 
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Table 2. Seawater quality prediction model for Rigs-to-Reefs area. 
typical pollution factors GM(1, 1) prediction model 
petroleum 
1 0.1869677
1 437.1555769 462.1555769
k
kX e  
1 0.2872265
1 40.272 36.872
k
kX  
DO 
1 0.0346576
1 208.0579412 201.5279412
k
kX  
1 0.0078387
1 1148.791429 1156.311429
k
kX  
COD 
1 0.0078387
1 10.64980769 11.10980769
k
kX  
1 0.1674698
1 17.02692308 20.32692308
k
kX  
Hg 
1 0.0689212
1 0.295905 0.305905
k
kX  
1 0.0446975
1 1.048545 1.078545
k
kX  
Cd 
1 0.0141062
1 165.0330222 165.9930222
k
kX  
1 0.3688186
1 21.04482328 25.32482328
k
kX  
                            Table 3. Seawater quality prediction results. 
typical pollution factors Predicted year (2015) Second-class seawater standard 
p  29.27~56.34  
DO (mg/L) 8.62~8.73 >5 
COD (mg/L) 0.66~1.14  
 0.014~0.037  
 1.027~2.154 5 
3.2. Trend analysis of seawater quality 
by 2015. And predicted concentration of DO, COD and Hg tend to be in scope of 8.62~8.73mg/L, 
while that of Cd will be limited 
In general, the concentrations of typical pollution factor in the seawater will vary slightly (see Fig. 2). The 
concentration of DO increases gradually, while the COD content wear off year by year. All the values of 
the indexes meet the second class seawater quality standard except the petroleum by 2015.  
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Fig. 2. (a) Variation of  Hg and petroleum concentrations with time; (b) Change of DO, COD, and Cd concentrations with time. 
Year 
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4. Conclusions 
(1) According to the prediction of seawater quality by using GM (1, 1) model, the concentrations of 
petroleum and DO present increasing trend while that of Hg and Cd do not change much. And COD 
declines slightly by 2015.  
(2) The predicted results are in conformity with the second-class seawater quality standard (GB3097-
1997), which may meet the requirements of artificial reef construction.  
(3) According to the result of prediction, the concentration of petroleum is possible not to meet the 
second-class seawater quality standards by 2015. Therefore, petroleum should be mainly monitored in the 
future. 
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